Increasing evidence shows aberrant hypermethylation of genes occurring in and potentially contributing to pathogenesis of myeloid malignancies. Several of these diseases, such as myelodysplastic syndromes (MDSs), are responsive to DNA methyltransferase inhibitors. To determine the extent of promoter hypermethylation in such tumors, we compared the distribution of DNA methylation of 14 000 promoters in MDS and secondary acute myeloid leukemia (AML) patients enrolled in a phase 1 trial of 5-azacytidine and the histone deacetylase inhibitor entinostat against de novo AML patients and normal CD34 ؉ bone marrow cells. The MDS and secondary AML patients displayed more extensive aberrant DNA methylation involving thousands of genes than did the normal CD34 ؉ bone marrow cells or de novo AML blasts. Aberrant methylation in MDS and secondary AML tended to affect particular chromosomal regions, occurred more frequently in Alupoor genes, and included prominent involvement of genes involved in the WNT and MAPK signaling pathways. DNA methylation was also measured at days 15 and 29 after the first treatment cycle. DNA methylation was reversed at day 15 in a uniform manner throughout the genome, and this effect persisted through day 29, even without continuous administration of the study drugs. This trial was registered at www.clinicaltrials.gov as J0443.
Introduction
Aberrant DNA methylation is believed to be a hallmark of preneoplastic and neoplastic conditions (reviewed in Plass, 1 Herman and Baylin, 2 and Jones and Baylin 3 ). Hypermethylation of promoters rich in CpGs (such as those containing CpG islands) is often associated with gene silencing, which can be epigenetically inherited across cell divisions. Hypermethylation-induced silencing of genes, including tumor suppressors such as HIC1, genes involved in DNA damage repair such as MLH1, and cell-cycle regulators such as CDKN1B, was described in myelodysplastic syndrome (MDS), [4] [5] [6] [7] although the full extent and nature of aberrant DNA methylation in MDS has been uncertain.
MDS and secondary acute myeloid leukemia (AML) are particularly resistant to standard chemotherapy, suggesting that these entities are biologically distinct from de novo AML. In particular, MDS can be treated with cytosine analog DNA methyltransferase (DNMT) inhibitors such as 5-azacytidine (5AC) and decitabine, 8 resulting in improved hematopoiesis and in some cases elimination or reduction of the malignant clone. Accordingly, 5AC increases overall survival and prolongs the time to AML transformation in high-risk MDS. [9] [10] [11] [12] Promoter hypermethylation of a set of cancer-related genes has been linked to the progression of MDS. 13 By examining 1505 CpG sites in 807 genes, Jiang et al 13 demonstrated that high-risk MDS (refractory anemia with excess of blasts/AML) showed a higherthan-average methylation level and a higher number of aberrantly methylated CpG sites than either low-risk MDS or normal controls. A total of 51 CpG sites methylated in at least 50% of the patients were found among high-risk MDS, compared with only 7 sites in low-risk MDS. Supporting the hypothesis that cytosine analog DNA methyltransferase inhibitors exert their clinical activity through epigenetic modifications, increased baseline methylation of the CDKN2B promoter was associated with response to 5AC. 14 Furthermore, the demethylating effect of the DNMT inhibitors in MDS was shown on selected genes such as CDKN2B 15, 16 and CDH1. 15 The sensitivity of MDS to DNMT inhibitors suggests that aberrant epigenetic programming may play an important role in MDS pathogenesis, which might distinguish it from de novo AML. However, 5AC and decitabine incorporate into DNA and can trigger DNA damage response pathways or blocking replication, complicating the interpretation of their antitumor activities. [17] [18] [19] [20] To elucidate the extent and pervasiveness of aberrant epigenetic programming in MDS/secondary AML and the effect of epigenetic therapies, we ascertained the extent of DNA methylation across a large set of human promoters, in a group of patients with MDS and secondary AML and compared it with both a cohort of de novo AML cases and CD34 ϩ bone marrow cells from a group of healthy donors.
Methods

Samples
Bone marrow aspirates from 14 patients with MDS, MDS-associated AML (AML with trilineage dysplasia), chronic myelomonocytic leukemia, or relapsed AML enrolled in Johns Hopkins clinical trial J0443 were obtained at baseline and at days ϩ15 to 16 and ϩ28 to 29 during the first cycle of treatment with 5AC at concentrations of 30, 40, or 50 mg/m 2 per day subcutaneously for 10 consecutive days. Entinostat (2, 4, 6, or 8 mg/m 2 ) was administered orally on days 3 and 10 of the 5AC treatment. Cycles were repeated every 28 days. Mononuclear cells were isolated with the use of Ficoll-Hypaque, and the CD34 ϩ and CD34 Ϫ fractions were separated with the use of CD34 MicroBeads (Miltenyi Biotec Inc). The patients' characteristics are summarized in supplemental 
Genomic DNA isolation
High-molecular-weight genomic DNA was isolated from all samples with the use of a standard phenol-chloroform purification followed by an ethanol precipitation. DNA pellets were resuspended in 10 mM Tris, pH 8.0.
DNA methylation analysis by HELP
The HELP (HpaII tiny fragment enrichment by ligation mediated PCR [polymerase chain reaction]) assay was carried out as previously described. 21, 22 HpaII-and MspI-generated genomic fragments between 200 and 2000 base pairs (Bp) in length were labeled with either Cy3-or Cy5-labeled random primers and then cohybridized onto a human (HG17) customdesigned oligonucleotide array (50-mers) covering 25 626 HpaII amplifiable fragments (HAFs) annotated to 14 214 gene promoters. 22 HAFs are defined as genomic sequences contained between 2 flanking HpaII sites found 200 to 2000 bp apart. Each HAF on the array is represented by a probe set consisting of 14 to 15 individual probes, randomly distributed across the microarray slide. Scanning was performed with a GenePix 4000B scanner (Molecular Devices). 23 Quality control and array normalization were performed as described in Thompson et al. 24 After normalization, background noise was calculated for each channel by determining a threshold of 2.5 median absolute deviations from the median of the random probes' signal. Each normalized channel was subsequently centered by subtracting its noise threshold from the array's signal. The HpaII/MspI (unmethylated/whole genome reference) ratio was then determined for each probe set on array. All microarray data have been submitted to the Gene Expression Omnibus repository 25 (accession no. GSE17328).
Quantitative DNA methylation analysis by MassARRAY EpiTyping
Validation of HELP findings was performed by matrix-assisted laser desorption-time-of-flight mass spectrometry with the use of EpiTyper by MassARRAY (Sequenom) on bisulfite-converted DNA as previously described. 26 MassARRAY primers were designed to cover the flanking HpaII sites for a given HAF, as well as for any other HpaII sites found up to 2000 bp upstream of the downstream site and up to 2000 bp downstream of the upstream site, to cover all possible alternative sites of digestion within our range of polymerase chain reaction amplification (see supplemental Table 2 for primer sequences).
Microarray data analysis
Unsupervised analysis of HELP data by hierarchical clustering (Euclidean distance and Ward clustering method), principal component analysis and correspondence analysis were performed with the statistical software R Version 2.7.1 27 and the BioConductor 28 package MADE4. 29 Supervised analysis was carried out with the use of a t test with a significance level of P less than .0005. In addition, an absolute difference in methylation greater than 1.5 between the means of the 2 groups being compared was required to increase the likelihood of detection of biologically significant changes in methylation levels. After correction for multiple testing with the BenjaminiHochberg method, all P values remained significant at less than .05.
Gene ontology analysis
Pathway analysis of gene expression software (Hani Goodarzi, Olivier Elemento, and Saeed Tavazoie, manuscript submitted, 2008) was used to perform gene ontology analysis of differentially methylated genes. HAFs on the HELP microarray were annotated to the nearest gene up to a maximum distance of 5 kb from the transcription start site, in both directions.
Sequence analysis
Sequence retrieval. Sequences were downloaded from the University of California Santa Cruz Genome Browser, selecting the 2 kb upstream of the reported 5Ј end. Only genes that were found in the RefSeq annotations were downloaded. A total of 7207 RefSeq sequences were retrieved for the genes that were differentially methylated between MDS and normal CD34 ϩ , and 4619 RefSeq sequences were retrieved for the set of control sequences. Likewise, 649 RefSeq sequences were retrieved for the genes identified in the baseline versus posttreatment (day ϩ15) samples, and 5180 RefSeq sequences were retrieved for an associated set of control sequences.
Repeat element analysis. RepeatMasker 3.1.6 30 was used to find all human repeats in upstream sequences for the genes from the MDS versus normal CD34 ϩ signature and the baseline versus day 15 after treatment signature and in both sets of associated control sequences randomly selected from among the genes that did not change in each one of the respective analyses. The number of times each element was found was calculated, and the different proportions between each set were estimated, using a Fisher exact test.
Motif analysis
FIRE 31 was used to discover motifs that were able to distinguish between 1206 genes that were differentially methylated between the MDS/ secondary AML and normal CD34 ϩ samples, and a group of 4619 control sequences. For each gene, we used as the promoter sequence the 2 kb upstream of the transcriptional start site as defined in the University of California Santa Cruz Genome Browser. 32 
Genomic distribution of DNA methylation
Density plots, using a Gaussian smoothing kernel, marking the positions of HpaII fragments on each chromosome of the genome were calculated for (1) all HpaII fragments on the NimbleGen HELP array, (2) all HpaII fragments that were differentially methylated between MDS/secondary AML and CD34 ϩ samples, and (3) all HpaII fragments that were differentially methylated between baseline samples and the same patients 15 days For personal use only. on July 15, 2017. by guest www.bloodjournal.org From after starting to take 5AC. Kolmogorov-Smirnov tests were carried out to find those density plots from calculation (2) and calculation (3) that differed significantly from the underlying distribution of all HpaII fragments (calculation 1).
Results
MDS and secondary AML display marked aberrant promoter DNA hypermethylation
DNA methylation was measured with the HELP assay. 21 HELP was performed with the use of a customized NimbleGen high-density oligonucleotide microarray containing 25 626 probe sets, each of which represents a HAF, corresponding to approximately 14 000 unique genes. All microarray profiles thus obtained were submitted to quality control algorithms and a HELP-specific normalization procedure. 24 Direct methylation sequencing (MassARRAY Epi Typing) was performed for 17 randomly selected HAF from the array on 9 randomly selected samples. The correlation coefficient between percent methylation by MassAR-RAY EpiTYPER, and log(HpaII/MspI) values was R ϭ Ϫ0.77 (supplemental Figure 1) .
Because purified CD34 ϩ MDS cells were not available for all patients, we first wanted to know whether DNA methylation profiles were similar in CD34 ϩ versus CD34 Ϫ MDS cells. These cell fractions were obtained from bone marrows of 3 patients from whom we had sufficient high-molecular-weight DNA. DNA methylation profiles were highly similar between the 2 fractions (r Ն 0.93), and the variability observed between the 2 fractions was less than the interpatient variability (r Յ 0.83; supplemental Figure 2A ). Similarly, 4 matched sample pairs of CD34 ϩ and CD34 Ϫ fractions were obtained from 4 healthy donors, and their DNA methylation profiles were analyzed by the HELP assay. In all A plot of methylation difference between MDS cases and normal CD34 ϩ controls (x-axis) versus statistical significance (y-axis) shows the marked asymmetry of the 2 branches, illustrating the overall tendency to higher methylation levels in the MDS cases. Red points mark probe sets that reached both criteria for differential methylation on our analysis [P Ͻ .0005 and absolute fold change in log(HpaII/MspI) Ͼ 1.5), whereas blue points mark probe sets that reached statistical significance but did not have an absolute change in log(HpaII/MspI) greater than 1.5. (E) Two-dimensional hierarchical clustering of genes differentially methylated between MDS and normal CD34 ϩ controls, illustrated by a heatmap. Cases are represented in the columns and probe sets in the rows.
4 cases a very high correlation was observed between the 2 fractions (r Ͼ 0.95; supplemental Figure 2B ). The data suggest that both normal and aberrant epigenetic patterns within the marrow are transmitted vertically from progenitors to more differentiated progeny. This allowed subsequent work on MDS/secondary AML samples to be performed in the CD34 Ϫ fraction, making it possible to study a greater number of cases.
To determine whether there was an aberrant distribution of methylated promoters in patients with MDS and secondary AML, we first compared promoter methylation in 14 such patients at baseline versus bone marrow CD34 ϩ cells from 8 healthy donors. The resulting methylation profiles were first analyzed in an unsupervised fashion with hierarchical clustering (Euclidean distance and Ward clustering method), principal component analysis (PCA), and correspondence analysis (COA). All 3 methods clearly segregated the malignant samples from the normal bone marrow cells ( Figure 1A-C) . Because methylation was measured as a continuous variable, the degree of the difference of methylation of each gene was quantified to identify those genes in which the greatest and potentially most biologically significant shift in methylation occurred. Along these lines, a supervised analysis comparing MDS and secondary AML specimens to normal CD34 ϩ identified 5845 HpaII fragments differentially methylated between the 2 groups (P Ͻ .0005, 2-tailed t test, and methylation difference Ͼ 1.5; Figure 1D ). Greater than 99% (5838 of 5845) of the HpaII fragments were hypermethylated in the malignant samples compared with normal bone marrow progenitors ( Figure 1E ). However, significant heterogeneity was detected among the MDS/secondary AML samples, probably reflecting the heterogeneity of this disease.
De novo AML displays a less extensive aberrant methylation pattern than secondary AML and MDS
To determine the extent of aberrant promoter methylation in de novo AML, genomic DNA from 15 patients with newly diagnosed Plot of DNA methylation difference between AML cases and normal CD34 ϩ controls (x-axis) versus statistical significance (y-axis). As before, red points mark probe sets that reached both criteria for differential methylation on our analysis [P Ͻ .0005 and absolute fold change in log(HpaII/MspI) Ͼ 1.5], whereas blue points mark probe sets that reached statistical significance but did not have an absolute change in log(HpaII/MspI) greater than 1.5. (E) Two-dimensional hierarchical clustering of genes differentially methylated between de novo AML and normal CD34 ϩ controls identified by a supervised analysis, illustrated using a heatmap. Cases are represented in the columns and probe sets in the rows.
EPIGENETIC DEREGULATION IN MDS AND
karyotype leukemia was analyzed by HELP and compared with normal bone marrow. Unsupervised clustering analysis as described in the previous section showed that de novo AML also presents with an epigenetic profile distinct from normal bone marrow progenitors (Figure 2A-C) . However supervised analysis showed that only 473 fragments (475 genes; supplemental Table 4) were differentially methylated (P Ͻ .0005 and methylation difference Ͼ 1.5). Of these, 37 fragments (7.8%) were hypomethylated in AMLs with respect to the normal progenitors ( Figure 2D-E) .
Secondary AML and MDS have distinct epigenetic features that distinguish them from de novo AML
We next compared and contrasted the methylation profiles obtained from patients with MDS and secondary AML at baseline with those of Red points mark probe sets that reached both criteria for differential methylation on our analysis [P Ͻ .0005 and absolute fold change in log(HpaII/MspI) Ͼ 1.5], whereas blue points mark probe sets that reached statistical significance but did not have a change in log(HpaII/MspI) greater than 1.5. (E) Two-dimensional hierarchical clustering of genes differentially methylated between MDS and de novo identified by supervised analysis, illustrated with a heatmap. Cases are represented in the columns and probe sets in the rows. (F) Three-dimensional representation of PCA analysis, including normal CD34 ϩ cells, de novo AML, and MDS. MDS samples can all be found the furthest away from normal CD34 cells, whereas de novo AML tend to cluster in an intermediate position between the other 2 groups of samples.
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novo AML. The 3 unsupervised analyses showed that these 2 groups of patients display distinct epigenetic profiles, although the difference was not as clear as when either set of disease specimens was compared with normal CD34 ϩ cells ( Figure 3A-C) . Many genes showed an increase in methylation in MDS/secondary AML compared with de novo AML specimens (3489 HpaII fragments at P Ͻ .0005). However, the difference in magnitude was not as pronounced as when either group was compared with normal CD34 ϩ cells, because 103 of these HpaII fragments (87 unique genes; Table 1 ) reached a methylation difference cutoff of more than 1.5. (Figure 3D-E) . These data indicate that aberrant DNA methylation is more pronounced in MDS and secondary AML than in de novo AML. This was underscored by further PCA analysis, including normal CD34 ϩ cells, in which the projection of the first 3 principal components showed a methylation "gradient," with normal CD34 ϩ cells on one extreme, de novo AMLs in an intermediate position, and MDS samples in the opposite end ( Figure 3F ).
Genes hypermethylated in MDS display specific functional and genomic characteristics
Among the genes aberrantly methylated in MDS and secondary AML compared with normal CD34 ϩ cells (supplemental Table 3 ), we found many from the WNT signaling pathway, including GSK3␤, APC2, SFRP1, SFRP2, SFRP3, FRAT1, nd AXIN2, as well as the genes coding for the WNT proteins 2b, 3, 4, 5, 6, 9, 10, and 16 (supplemental Figure 3) . A gene ontology analysis of the 936 most hypermethylated genes (P Ͻ .0005 and methylation change Ͼ 2) with the use of the pathway analysis of gene expression algorithm (Hani Goodarzi, Olivier Elemento, and Saeed Tavazoie, manuscript submitted, 2008) showed specific enrichment of gene ontology terms related to activation of MAPK activity (GO:0000187) and synaptogenesis (GO:0007416). There was also a specific underrepresentation of genes associated with the GO term GO:0009888 (tissue development). Table 2 shows the genes associated with each of these enriched GO categories, which include many potentially relevant candidate genes for involvement in MDS pathophysiology such as TNF, MADD, DAXX, TGFA, EGFR, and genes from the protocadherin ␤ gene cluster.
Aberrant methylation was not distributed randomly across chromosomes. Differentially methylated HpaII fragments showed significant regional differences (P Ͻ .05, Bonferroni-adjusted) on chromosomes 4 and 14 compared with the genomic distribution of all HpaII fragments from the HELP array. Genomic regions hypermethylated in MDS and secondary AMLs (compared with control CD34 ϩ cells) were less frequently associated with the presence of SINE/Alu elements than a set of control sequences that showed no difference in methylation between the 2 groups (P Ͻ .001, Fisher exact test; odds ratio, 0.74; Table 3 ). SINE/Alu elements are rich in transcription factor binding sites and to be differentially distributed in gene groups associated with different biologic purposes. 33 In particular, it was shown that genes involved in development were Alu poor.
To determine whether these hypermethylated genes shared any common DNA elements, the FIRE motif discovery program was used. 31 The HES/hairy binding motif was the most enriched and conserved DNA element among the set of 1206 most hypermethylated genes (P Ͻ .001; Figure 4 ).
Treatment with 5AC and entinostat causes sustained and global promoter hypomethylation
We compared baseline DNA methylation profiles of patients treated with a combination of 5AC and entinostat to those obtained at days 15 to 16 and days 28 to 29 of the first cycle of treatment. 
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Unsupervised clustering showed that changes in DNA methylation at day 15 readily segregated the samples based on treatment status, rather than pairing the samples according to patient of origin, indicating that therapy-associated changes in DNA methylation were sufficiently profound to override individual DNA signatures ( Figure 5A-C) . The supervised analysis showed marked genomewide hypomethylation of the samples by day ϩ15, as reflected by the asymmetry between the 2 arms of the DNA methylation volcano plot (5501 HpaII fragments at P Ͻ .0005). Of these, 966 HpaII fragments also reached a methylation difference cutoff of greater than 1.5 ( Figure 5D-E) . It has been widely reported that bone marrow response in patients treated with 5AC only occurs after several cycles, 9, 12, 34 and this trend also occurred in the current study. 35 Therefore, the difference in methylation profile cannot be attributed to normalization of the bone marrow at these early time points. Moreover, of the 9 patients included in this analysis, only 3 showed an eventual hematologic response, again indicating that changes in methylation are not due to replacement of the marrow with normal cells. Unfortunately, the small number of patients available for this analysis was not sufficient to compare and contrast the nature and extent of the demethylation between responders and nonresponders. No significant changes in DNA methylation profile were found for patient no. 6 after treatment, a notable exception. The baseline DNA profile for this patient was much less methylated than the other patients with MDS and secondary AML. It is not clear whether such samples can show further demethylation with these assays. This patient's day ϩ15 sample clustered together with its baseline sample pair, along with all the day ϩ15 samples from the remaining patients.
The treatment protocol included 10 days of 5AC and entinostat followed by an 18-day break. To determine whether DNA hypomethylation was sustained beyond day 15 after treatment, HELP profiles were performed at day 29 after treatment, just before the second cycle of 5AC and entinostat. Hypomethylation persisted at day 29, suggesting that these changes were stable in the treated cells ( Figure 5F ). Treatment-induced hypomethylation was evenly distributed across all chromosomal regions, indicating that the drugs have a uniform demethylating effect across the genome. Finally, we also analyzed the presence of repeat elements in promoter regions of the differentially methylated genes after treatment. In this case, we found that genomic regions that showed the greatest change between baseline and day ϩ15 of 5AC For personal use only. on July 15, 2017. by guest www.bloodjournal.org From treatment were more likely to contain SINE/Alu elements than were the regions that did not change after treatment (P Ͻ .001, Fisher exact test; odds ratio, 1.81; Table 2 ).
Discussion
Aberrant DNA methylation of promoters in MDS has previously been reported in specific genes or cohorts of genes. [4] [5] [6] [7] 13, 36 Here, with the use of a genomewide approach we found significant and widespread promoter hypermethylation in most MDS and related disorders. Although particular cancer-related genes such as CDKN2A and genes in the WNT signaling pathway were hypermethylated, epigenetic deregulation was not limited to cancer-associated genes but appeared to be a more widespread phenomenon (see supplemental Table 3 ). The extent of hypermethylation and the heterogeneity in the genes methylated in MDS and secondary AML suggests that general mechanisms that normally protect promoters from becoming methylated may be disrupted in these disease sates, resulting in a broad and partially random invasion of promoters by methylCpGs. The effect is not completely stochastic because certain chromosomal regions were more prone to hypermethylation than others. Although the mechanism through which loss of promoter hypomethylation occurs remains unclear, it seems possible that abnormalities in the function of transcription factors that bind to specific DNA elements contained in the aberrantly hypermethylated promoters (such as HES, and E2F isoforms) might at least partially contribute to the observed aberrant DNA methylation patterns. Aberrant gene hypermethylation in de novo AML was less marked than in MDS and secondary AML (475 promoters in de novo AML vs 5845 in MDS). Furthermore, although there was an overall tendency toward hypermethylation in de novo AMLs, there were more aberrantly hypomethylated loci in AML than in MDS (39 of 473 vs 7 of 5845; P Ͻ .001, Fisher exact test). Thus, although epigenetic deregulation is a hallmark of cancer, specific patterns and distributions of epigenetic deregulation may characterize different forms of hematologic malignancies, potentially contributing to the biology of each disease.
Direct comparison between de novo AML and secondary AML/ MDS showed that hypermethylation was more pervasive in the latter group. Specifically, 81.6% of genes of the genes differentially methylated between these 2 groups were hypermethylated in the MDS/ secondary AML cohort. With the use of principal component analysis, MDS/secondary AML and de novo AML were clearly distinct from normal CD34 ϩ cells with MDS/secondary AML cases grouping at the extreme of a gradient, leaving the de novo AMLs in an intermediate position. It is tempting to speculate that the pervasive hypermethylation found in MDS and secondary AML may be related to the response of these patients to demethylating agents. Prospective clinical studies comparing the methylation state of responders and nonresponders to therapy will be required to confirm this idea. Among the genes uniquely affected in MDS and secondary AML were those encoding certain transcription factors (HOXB5 and FOXP4) , genes involved in DNA damage repair (BRCA2), notch signaling genes (NOTCH4), and PPARD. (A-C) Unsupervised clustering analysis (COA, PCA, and hierarchical clustering) of 9 MDS cases for which we obtained pretreatment and posttreatment (day ϩ15) paired samples. (D) Plot of DNA methylation difference between baseline MDS and day ϩ15 after treatment (x-axis) versus statistical significance (y-axis). Red points mark probe sets that reached both criteria for differential methylation on our analysis [P Ͻ .0005 and absolute fold change in log(HpaII/MspI) Ͼ 1.5], whereas blue points mark probe sets that reached statistical significance but did not have a change in log(HpaII/MspI) greater than 1.5. (E) Two-dimensional hierarchical clustering of genes differentially methylated between pretreatment and day ϩ15 paired samples identified by supervised analysis is shown with a heatmap. Cases are represented in the columns and probe sets in the rows. (F) Density plots representing the relative frequency (y-axis) of promoters with different degrees of methylation (x-axis). Baseline (black) distributions are compared with day ϩ15 of treatment with 5AC (red) and day ϩ29 (blue). For 8 of 9 cases a clear shift toward more hypomethylated values is observed at day 15, and this shift persisted at day 29 for the cases for which we also had samples at that time point.
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Despite some limited in vitro and in vivo evidence that DNMT inhibitors can lead to loss of methylation of specific cancer-related genes, 15, 37, 38, 39 the global effect of DNMT inhibitors on overall DNA methylation has not been clearly established. With the use of an array-based approach to study more than 14 000 promoters, we found that 5501 HpaII fragments consistently showed a reduction in methylation after treatment with a combination of 5AC and entinostat, and 966 of these promoters were strongly demethylated ( Figure 5D ). In contrast to previous reports in which the hypomethylating effect of 5AC was found to be transient, recovering to almost baseline levels before each treatment cycle, 36 in this study, this effect persisted even 2 weeks after the cessation of therapy. Whether this persistence is due to the assay of a greater number of promoters or due to the effect of entinostat to augment the efficacy of 5AC is not yet certain. However, this finding suggests that a new epigenetic pattern can be established in bone marrow cells, which can be successfully transmitted to daughter cells through several generations.
Finally, the full effect of the hypermethylation found in MDS and AML for epigenetic programming remains to be determined. Future studies of DNA methylation of promoters will need to be correlated with critical histone modifications such as dimethylation of H3K4 (active genes) and trimethylation H3K27 (inactive genes) and levels of expression of genes. Measurement of these genes before and after 5AC-based therapy would determine the importance of specific gene demethylation in disease response.
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